T he discovery of a new mammalian family is a rare event; the last two were described in 1974 and 2005, with the discoveries of the bumblebee bat (1) and the Laotian rock rat or Kha-nyou (Laonastes aenigmamus) (2) , respectively. L. aenigmamus is a rat-like rodent with an elongated head and squirrel-like tail. It was first found in a Laotian food market in 1996 and was introduced to the world in live video images in June 2006 (Fig.  1) . Jenkins et al. (2) classified it as a new rodent family (Laonastidae) in the suborder Hystricognatha (currently classified as the infraorder Hystricognathi), which includes South American (e.g., guinea pigs, chinchillas), African, and Asian species (e.g., mole rats, porcupines). However, the position of Laonastidae among hystricognaths could not be conclusively determined, because morphological comparisons with extant rodent species suggested that the Laonastidae are the oldest hystricognath family ( Fig. 2A) , whereas analyses of molecular data indicated that they are closely related to the African family Bathyergidae (blesmoles and mole rats) or Petromuridae (dassie rats) (Fig. 2B) (2) . Dawson et al. (3) then reanalyzed the morphological characters of Laonastes, integrating fossil rodent data in their analysis. They concluded that Laonastes is, rather, a member of the family Diatomyidae. According to the fossil record, Diatomyidae family members were thought to have lived from 33.9 Mya (Early Oligocene) to 11.6 Mya (Late Miocene), and, until now, to have been extinct for 11 million years. Thus, their classification as a diatomyid suggests that Laonastes is a living fossil and a ''Lazarus taxon.' ' The two research teams also disagreed on the taxonomic position of Laonastes. According to Jenkins et al. (2) , Laonastes is either the most basal group of the hystricognaths (Fig. 2 A) or nested within the hystricognaths (Fig. 2B ). According to Dawson et al. (3) , Laonastes and the other Diatomyidae are the sister clade of the family Ctenodactylidae (i.e., gundies), a family that does not belong to the Hystricognathi, but to which it is considered closely related (4) (Fig. 2C) . However, the phylogenetic position of Diatomyidae is also debated in the paleontological literature. A cladistic assessment of fossil dental evidence suggests that Diatomyidae are a sister clade of hystricognaths (5) (Fig. 2D ), but other studies have suggested that the fossils Fallomus and Diatomys, now considered to be diatomyids, are the sister clade of the sciurognath family Pedetidae and that both families are related to Ctenodactylidae (6, 7) (Fig. 2E) .
In this study, we performed two independent phylogenetic analyses aimed at resolving the debated phylogenetic position of Laonastes. First, Ͼ5 kb of sequence data from a large taxonomic sample of rodents were analyzed by using probabilistic evolutionary models. Second, short interspersed element (SINE) insertions from representatives of all major rodent lineages were examined.
Results and Discussion
We obtained 5.5 kb of sequences from two Laonastes individuals, including 4.5 kb from portions of four nuclear genes [the alpha 2B adrenergic receptor (ADRA2B), the growth hormone receptor (GHR), the interphotoreceptor retinoid binding protein (IRBP), and the von Willebrand factor (vWF)] and 1 kb from portions of two mitochondrial genes [the cytochrome b (cyt b) and the small ribosomal subunit RNA (12S rRNA)]. The second approach analyzed SINE insertions from 16 genomic loci. SINEs make very useful phylogenetic markers because the integration Author contributions: D.H. and P.C. contributed equally to this work; D.H., P.C., and J.S. designed research; D.H., P.C., U.J., and C.W.K., performed research; V.R., P.D.J., and J.B. contributed new reagents/analytic tools; D.H., P.C., V.R., and J.S. analyzed data; and D.H. and J.S. wrote the paper.
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of a particular element at a location in the genome is, to all intents and purposes, irreversible and of known polarity. Although some similar morphological and molecular features may be homoplasious (i.e., similar characteristics shared by a set of species but not present in their common ancestor), retroposed genetic elements integrate randomly into genomes with negligible probabilities of the same element integrating independently into orthologous positions in different species. Thus, analyzing the presence and/or absence of these elements is an advantageous strategy for molecular systematics (8, 9) .
Finally, to complement the phylogenetic reconstructions, sequence data were also used to evaluate the congruence between molecular and paleontological dating estimations. Molecular divergence dates of Laonastes and its closest outgroups were computed by using two different methods for relaxing molecular clock models (see Materials and Methods) and compared with paleontological estimates (3) .
Phylogenetic analyses based on the combined data sets resulted in a well resolved phylogeny [ Fig. 3 and supporting information (SI) Fig. 5 ], in agreement with the division of rodents into five suborders [bootstrap percentage (BP) Ն 99% and posterior probability (PP) ϭ 1.0, Sciuromorpha, Myodonta (or Myomorpha), Anomaluromorpha, Castorimorpha, and Ctenohystrica (or Hystricomorpha: family Ctenodactylidae ϩ infraorder Hystricognathi)] as suggested by Carleton and Musser (10) and supported by molecular studies (11) (12) (13) . These five suborders can be further grouped into three rodent lineages (BP Ͼ 95% and PP ϭ 1.0): a mouse-related clade (Myodonta, Anomaluromorpha, Castorimorpha), a squirrel-related clade (Sciuromorpha), and Ctenohystrica (Hystricomorpha) (12) . It is worth mentioning that previous molecular studies have failed to show significant support for the division of rodents into three lineages. However, alternatives to the squirrel-and mouserelated clades could not be statistically rejected [ShimodairaHasegawa (SH) test; Table 1 ]. Additional data are thus needed to solve the base of the rodent tree.
In this maximum-likelihood (ML) tree, Laonastes is the sister clade of Ctenodactylidae. This grouping received a maximal support value ( Fig. 3 ; BP Ͼ 100% and PP ϭ 1.0). In addition, when analyzed separately, all of the genes studied, except the partial 12S gene, also support the clustering of Laonastes with Ctenodactylidae (SI Fig. 6 ). The phylogenetic tree obtained is, thus, in agreement with the hypothesis of Dawson et al. (3) as depicted in Fig. 2C . All other hypotheses ( Fig. 2 A, B , D, and E) do not support the grouping of Laonastes with Ctenodactylidae. Indeed, these various alternatives, when compared with the best tree, were significantly rejected (P Ͻ 0.0002) based on the SH likelihood-based test (Table 1) (14) .
In the analysis of retroposed elements, we found four SINEs common to L. aenigmamus and Ctenodactylus gundi that were clearly absent in all of the other investigated rodent species ( Fig.  4 and SI Fig. 7 ). The shared presence of four perfect orthologous insertions of retroposed elements in Laonastes and Ctenodactylus implies their acquisition via a common ancestry, whereas the orthologous absence of these elements in more distant taxa (i.e., Hystricognathi) indicates the ancestral condition before integration (15) . These results provide significant confirmation for the evolutionary relationship of Laonastes and gundies and clearly reject the grouping of Laonastes and hystricognaths.
The Laonastes and Ctenodactylidae clade was found to be the sister clade of the Hystricognathi (i.e., Ctenohystrica mono- Based on fossil dental evidence, the family Diatomyidae is inferred to be a sister clade of hystricognaths (5) . (E) Based on incisor enamel microstructure and cranial characters, Diatomyidae are related to the Pedetidae and Ctenodactylidae (i.e., sciurognathy and hystricomorphy) (6, 7). phyly). This clustering also received maximal support (BP ϭ 100% and PP ϭ 1.0). The SH test significantly rejected the alternative hypothesis, in which Laonastes and Ctenodactylidae do not group with the Hystricognathi (P ϭ 0.0253; Table 1 ). In addition, one SINE was found to support the grouping of Laonastes, Ctenodactylidae, and Hystricognathi (Fig. 4) . Cte., Ctenodactylidae; Dia., Diatomyidae; Hys., Hystricognathi; Myo., Myodonta. The terms hystricomorph, myomorph, and sciuromorph indicate both character states and suborders. However, the character states and their corresponding taxonomic divisions disagree. For example, the Gliridae have myomorph characteristics but belong to the sciuromorphs. To avoid confusion, we thus prefer to use the terms, Ctenohystrica, Myodonta, and squirrel-related clade rather than Hystricomorpha, Myomorpha, and Sciuromorpha. CRE, Cretaceous; PAL, Paleocene; EOC, Eocene; OLI, Oligocene; MIO, Miocene; P, PlioPleistocene. Laonastes 25 and 410, specimen vouchers BMNH1998.25 and BMNH1998.410, respectively. Because fossil Diatomyidae are too old to still contain DNA, molecular data alone cannot determine whether Laonastes is a member of the family Diatomyidae. The complete agreement between the morphological, sequencebased, and SINE trees, and the ability to use likelihood-based tests to reject alternative hypotheses, do, however, clearly suggest that Laonastes is a diatomyid.
A time scale for the evolution of the order Rodentia based on Bayesian dating analysis is depicted in Fig. 3 . It is worth noting that similar dating results were obtained with different methods and tree topologies (SI Appendix). Molecular estimations indicate that Laonastes and extant Ctenodactylidae diverged 44.3 (Ϯ3.5) Mya. All extant rodent families diverged no more than 38 (Ϯ2.5) Mya (Fig. 3) . Thus, the molecular dating analysis suggests that Laonastes and Ctenodactylidae belong to different rodent families. Our molecular dating results are in agreement with the divergence times estimated by Dawson et al. (3) . In their estimation based on the paleontological record, Diatomyidae and Ctenodactylidae diverged Ϸ41 Mya, which is not significantly different from the 44.3 Mya estimate obtained here, given the standard error on molecular dating. The agreement in divergence times further strengthens the hypothesis that Laonastes is a ''Lazarus'' diatomyid.
Molecular findings are often in disagreement with traditional morphologically based trees. In some cases, the molecular analysis has shaken the morphological tree, leading paleontologists to reconsider fossils and missing links. One classical example is the evolutionary origin of Cetacea (e.g., dolphins, whales). The unorthodox clustering of whales within artiodactyls was first suggested based on molecular data and is now supported by strong fossil evidence (16) . In the case of Laonastes we have the opposite situation. The first tree was based on both molecular and morphological data. The paleontological analysis then suggested an entirely different phylogeny, and, surprisingly, our molecular data analysis is in agreement with the paleontological tree rather than with the previous molecular tree.
The phylogenetic position of Laonastes highlights its importance with respect to mammalian biodiversity. Numerous theoretical and empirical studies have stressed that phylogenetic relationships among taxa may be a more inclusive measure than species numbers for conservation biology (17, 18) . The importance of a given taxon in conservation biology is thus inversely proportional to the relative number and closeness of its phylogenetic relatives (18) . Laonastes, the sole known representative of an extinct mammal family, and distantly related to the Ctenodactylidae, which include several fossil taxa but only five extant species, would appear to be a key taxon to protect.
Materials and Methods
Sequencing of Nuclear and Mitochondrial Genes. The taxon sampling includes representatives of the three major lineages of rodents (i.e., mouse-related clade, Ctenohystrica and squirrel-related clade). Primate, tree shrew, and flying lemur sequences served as outgroups. In total, 34 rodent and eight outgroup taxa were considered. Origin of samples, PCR primers, and protocols are described in detail SI Appendix. Detailed information on the genes and species amplified is given in SI Table 2 .
Sequence Alignments. To respect codon boundaries in the DNA alignments, protein sequences of the five coding genes were aligned by using PROBCONS (19) , and DNA alignments were performed by hand based on the protein alignments. All codon positions were considered except for the cytochrome b gene. We excluded the third codon position of this gene because preliminary analysis has shown that this position was saturated. The alignment of 12S rRNA was performed with ClustalX (20) with default parameter settings and refined by hand to minimize the number of indels (insertions-deletions) in stems (21, 22) . Finally, gaps present in Ͼ25% of the taxa were removed from the analyses for each data set. The characteristics of each data set are indicated in SI Table 3 .
Sequence-Based Phylogenetic Reconstructions. Phylogenetic tree reconstructions were performed on each individual gene and on the concatenated data set. For each data set, two tree reconstructions were conducted: a ML and a Bayesian analysis. The program MODELTEST 3.07 (23) was used to determine the best probabilistic model of sequence evolution by using the Akaike information criterion. The models selected are indicated for each data set in SI Table 3. ML searches for the best trees were performed with the program PAUP* (24) . The parameters of the model and the best ML tree were then determined in an iterative way. The initial parameter values were those estimated by MODELTEST 3.07; those values were used for a first round of heuristic search starting with a neighbor-joining (NJ) tree and using treebisection-reconnection (TBR) branch-swapping. Parameters were then estimated on the resulting tree and used for another round of heuristic search. The process was repeated until all parameters were stable. BPs were estimated after 500 replicates by using the best estimated parameters, a NJ starting tree, and TBR branch-swapping.
Bayesian inferences used the program MrBayes 3.1.2 (25) . The analyses of individual genes were performed under a single model of sequence evolution (no partition), whereas the analysis of the combined data set was performed on partitioned data with each of the six genes evolving with independent model parameters. MrBayes 3.1 does not implement all of the models available in MODELTEST and PAUP*. The general timereversible model of evolution was thus chosen for all genes because it was the closest to the model used in the ML analyses. For each analysis, two simultaneous independent runs were performed. For each run, four chains were sampled every 100 generations for 5,000,000 generations after the burn-in cycles. Length of burn-in cycles varied depending on the ability of the data set to converge. For the four nuclear genes and the combined data set, chains were run for 7,500,000 generations (burn-in 25,000 trees). For the two mitochondrial genes, chains were run for 20,000,000 generations (burn-in 150,000 trees). In all cases, the average SD of split frequencies remained Ͻ0.005 after the burn-in threshold; additionally, the potential scale reduction factors of the parameters were close to or equal to 1, which indicates that the runs had most probably converged.
Testing Alternative Hypotheses. The best ML tree was compared with several constrained topologies by using the SH test (14) as implemented in PAUP*. The tests were conducted on the combined data set with RELL optimization, 10,000,000 bootstrap replicates, and the parameters of the best ML tree. Eight alternative topologies were considered. (i) The best alternative that does not cluster Laonastes and Ctenodactylidae (in this tree Laonastes is the sister clade of the Hystricognathi). This tree corresponds to the hypotheses of Fig. 2 A and D (2, 5) . (ii) The best alternative that does not cluster Laonastes, Ctenodactylidae, and Hystricognathi (in this tree the clade Laonastes ϩ Ctenodactylidae is at the base of the rodents). (iii) The best alternative that groups Laonastes with Phiomorpha sensus stricto (i.e., Bathyergidae ϩ Petromuridae ϩ Thryonomyidae). This tree corresponds to the hypothesis of Fig. 2B (2) . (iv) The best alternative that groups Laonastes and Pedetidae as sister clade of Ctenodactylidae. This tree corresponds to the hypothesis of Fig. 2E (6, 7) . (v) The best alternative that does not support the monophyly of Hystricognathi. (vi) The best alternative that does not support the monophyly of Caviomorpha. (vii) The best alternative that does not support the monophyly of Sciuroidae ϩ Gliridae. (viii) The best alternative that does not support the monophyly of Anomaluromorpha ϩ Muroidea ϩ Dipodoidea ϩ Geomyoidea ϩ Castoridae. The eight topologies were built by using constrained ML heuristic searches. Each search was conducted starting with a neighbor-joining tree, the tree-bisectionreconnection branch-swapping option, and the parameters of the best ML tree. Molecular Dating. Molecular dating estimations were computed by using two different approaches: a Bayesian method as implemented in the software Multidivtime (26) and a penalized likelihood method as implemented in the program r8s (27) . To verify that the position of the root did not have a significant impact on the molecular dating results, we compared dating results obtained with two different positions of the root. The first topology, the ML tree, placed the tree shrew at the base of the tree (Fig. 3) , whereas the second topology placed the tree shrew as a sister clade of Primates and Dermoptera [monophyly of Euarchonta (28)]. Molecular dating analyses are detailed in SI Appendix.
SINE Insertion Analysis.
We recently conducted an exhaustive, automated search for phylogenetic informative SINE markers in rodents, revealing 31 diagnostic SINEs from 16 genomic loci in representatives of all major rodent lineages (29) . Using these as templates for PCR, in the present study we amplified the orthologous loci in samples of Laonastes DNA. For the SINE insertion analysis one specimen of Laonastes was purchased in 2006 in the market at Tha-Kek (Lao People's Democratic Republic). SINE amplification protocols and sequence alignments are given in SI Data Set. Phylogenetic relationships based on SINE data were reconstructed by using the maximum parsimony method. SINE presence/absence data resemble virtually homoplasy-free multistate characters with an extremely large possible number of unique character states. It is worth noting that Steel and Penny (30) suggested that for such data maximum parsimony converges to a ML estimator.
